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Abstract 

The models of large extra compact dimensions, as suggested by Arkani-Hamed, 
Dimopoulos and Dvali, predict exciting phenomenological consequences with gravita- 
tional interactions becoming strong at the TeV scale. Such theories can be tested at the 
existing and future colliders. In this paper, we study the contribution of virtual Kaluza- 
Klein excitations in the process e~^e~ ttH at future linear collider (NLC). We find 
that the virtual exchange KK gravitons can modify the cross-section a{e~^e~ — > ttH) 
significantly from its Standard Model value and will allow the effective string scale to 
be probed up to 7.9 TeV. 
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1 Introduction 



The concept of large extra dimensions and TeV scale gravity introduced by Arkani-Hamed, 
Dimopoulos and Dvali, often referred to as the ADD model [T] has attracted a lot of attention. 
In this scenario, the total space-time has D = 4 + n dimensions, with the additional n 
dimensions compactified. While gravity lives in the entire bulk space-time, the Standard 
Model (SM) particles are deemed to be confined to the usual four (i.e. 3 + 1) dimensions. 
The 4-dimensional Planck scale, Mpi ~ 2.4 x 10^^ GeV , is no longer a fundamental quantity 
but is derived from the size R of the extra dimensions^ and the fundamental Planck scale 
Ms in the full theory: 

M^Pi ~ i?"M^+2 . (1) 

Thus, for large extra-dimensions, it is possible to have a fundamental scale Ms as low as 
a TeV P, thereby "solving" the gauge hierarchy problem of the standard model. However, 
Ms ~ 0{1 TeV) in a model with a single extra dimension [n = 1) necessitates R ~ lO^^mm, 
a value that obviously runs counter to astrophysical observations. On the other hand, for 
n > 2, we have R < mm, a range that is still allowed by gravitational experiments. 

The graviton couples to the standard model matter and gauge particles through the 
energy-momentum tensor, with a strength suppressed by powers of the 4-dimensional Planck 
scale, Mpi. However, from the 4-dimensional point of view, the massless graviton propagating 
in the (4 + ri)-dimensional bulk is to be interpreted as a tower of massive Kaluza-Klein (KK) 
modes of excitations, with spin-2, spin-1 (which decouples ) as well spin-0 components. In 
the context of collider experiments, the mass spectrum of these KK modes can be treated 
as a continuum, as the mass splitting (~ l/R) between successive modes is about 10""^ eV 
(1 MeV) for n = 2(6). On summing over the KK modes, the effective graviton-exchange 
contribution to processes involving the standard model particles is only suppressed by powers 
of {^/s/Ms) where ^/s is the energy available for the process. The Feynman rules for this 
theory may be developed from a linearized theory of gravity in the bulk and may be found 
in Refs. j2llS|. These new interactions can give rise to several interesting phenomenological 
consequences testable at present and future colliders jl] with their effects observed either 
through production of real KK modes, or through the exchange of virtual KK modes in 
various processes 

The next generation e^e~ linear colliders is expected to function from 300 GeV up to 
about 1 TeV ( JLC, NLC, TESLA), referred to as the LC jHlEllZI- There is also a possibility 

^In principle, each of the extra dimensions could have a different size. For the sake of simplicity though, 
we shall assume that the radii of the compactified T" are identical. 



of multi-TeV linear collider operating between energy range of 3-5 TeV at CERN [S]. In this 
paper we will consider the process e^e' ttH to study the effect of low-scale gravity at 
the proposed linear colliders operating with a center of mass energy 500 GeV and beyond. 
Within the SM, ttH production has been studied in the context of the determination of the 
top quark Yukawa couplings [11110] • Thus, one would be looking for significant deviations 
from the standard model expectations as a signal of new physics. However, it should be 
borne in mind that these processes are unlikely to serve as the dominant discovery channel 
for KK gravitons, since there exist other simpler channels that are equally (or more) sensitive 
to such graviton exchanges [4 . On the other hand, once a discovery is made, the next phase 
would comprise of confirmatory tests as well as the determination of the parameters of the 
theory. This can be achieved only through a series of other experiments and this is where 
the process under discussion would be useful. 

2 e+e" UH 

In this section we study the effect of the graviton exchange in the production of a Higgs 
particle in association with a pair of top quarks at a Linear Collider. The SM diagrams 
contributing to this process are well known. In Fig^ we present the additional set of 
diagrams that arise in the theory under consideration. Note that, in principle, there exists 
yet another diagram involving the 4-point vertex tiHG. However, only the trace of the 
graviton appears in this diagram, and in the limit of vanishing electron mass (an excellent 
approximation), the contribution disappears identically. 




The amplitudes corresponding to the diagrams in Fig^can be easily calculated following 
the Feynman rules derived in, say, Ref. jiS^. As mentioned earlier, the gravitational coupling 
K = y/lQirGN {Gn being the four-dimensional Newton's constant) can be expressed in terms 
of the fundamental scale Ms and the size R of the n extra dimensions through 

K^i?" = 167r(47r)"/2r(n/2)M^("+') (2) 



Choosing to work in the de Bonder gauge, we have, for the amphtudes. 
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with s = {ki + k2Y. The function D{s) is the resuhant of summing over the KK modes of 
the graviton, and only the principal part of the integral is to be taken. 
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Figure 2: Variation of the cross-section (fb) for tiH production with machine energy. The 
four dashed curves correspond to the ADD predictions for Ms = 3.5,4.5 , 5.5 and 6.5 TeV 
and n = 3, while the solid line represents the standard model expectations. The three panels 
correspond to three different values of the Higgs mass. 

The cross sections after adding the new amplitudes to the SM are presented in Fig|21 
as a function of machine energy, and for different Higgs masses. To be specific, we hold 



the number of extra dimensions to be n = 3. In each figure, the sohd fine represents the 
standard model predictions and exhibits the expected fall-off with energy. The inclusion of 
the graviton exchange changes the -y/s- dependence drastically. For relatively large values of 
Msi the fall-off persists upto a certain value of y/s and thereafter the cross section increases 
rapidly. And, as expected, the turnaround point (in y/s) is a monotonic function of Ms- 
Thus we can expect stronger bounds on Ms as the machine energy increases. Comparing the 
three panels in FigEl it is very clear that the ADD contribution is not strongly dependent 
on Higgs mass. At low energies, the difference in the magnitude of cross-sections for these 
three values of Higgs masses arises mainly from the phase space. At relatively higher value 
of a/s, the cross-sections corresponding to mn = 120 and 200 GeV become nearly identical. 
Indeed, the relative difference between the cross sections for any two different values oi rriH 
tends to be smaller in the ADD case than that within the standard model. 
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Figure 3: The variation of the cross-section (fb) fortiH production with Ms, for a Higgs mass 
of 120 GeV. The curves correspond to the ADD predictions for = 3, 4, 5 and 6 respectively. 
Also indicated are the standard model expectations. The left and the right panels correspond 
to ^/s = 500 GeV and 1 TeV respectively. 



Since the integral in D{s) — see eq.()l)) — is a relatively slowly increasing function of {Ms/\/s), 
the amplitudes typically go down as ~ Mg^. This is reflected in FiglHl where we present the 
total cross-section as a function of Ms for theories with different numbers of extra dimen- 
sions. For comparison, the SM cross-sections are also given. As with simpler processes, here 
too the graviton contribution decreases with the increase in the number of extra-dimension 



as long as the machine energy and Ms are held constant. 

It is thus obvious that graviton-exchange contributions can significantly alter the pre- 
dictions for the e^e~ tiH cross-section in such models. However, before one can claim 
that any such observed deviation has been occasioned by the exchange of virtual gravi- 
tons, one needs to ascertain that such deviations cannot be explained by any other possible 
4-dimensional new physics effects (4DNP) going beyond the SM. We proceed to do this next. 

Note that, within the SM, the process under discussion is controlled by two relatively 
undetermined couplings, namely the ttH and the ZZH ones. Of these, the latter is expected 
to be measured to a very great accuracy at such a collider ^T] . As for the former, the expected 
accuracy is far less. In fact, the process under consideration, in itself, is perhaps the best 
channel for this measurement! In view of this ignorance, let us assume that any 4DNP effect 
may change the tiH coupling by at most 10%. While this may be an underestimate, we shall 
see that even a somewhat larger uncertainty would not change our conclusions qualitatively. 
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Figure 4: Variation of a{e^e^ — * tiH) with machine energy (rriH = 120 GeV). The solid 
curve represents the SM cross-section while the band around it indicates the variation in it 
wrought by a ±10% deviation in the SM tiH coupling. The monotonically increasing curve 
corresponds to a ADD model with n = 3 and Ms = 1.5 TeV. Also shown are three curves 
corresponding to a 4-dimensional model with a sequential Z' for different values of the latter's 



mass. 



In FigEl we display the effect of such a variation in the ttH coupling on the cross- 
section under consideration. The two sidebands around the central (SM) curve represent 



the cross section expected for an enhancement (reduction) of the tiH couphng by 10%. 
As is immediately obvious, the functional dependence of the cross-section on the center- 
of-mass energy remains virtually the same as in the standard model for modest changes 
in this coupling. On the other hand, the functional dependence is markedly different for 
ADD scenarios. Thus, measurements at two different center of mass energies would clearly 
distinguish between these two classes of models. 

As a further example of 4DNP, let us consider an extension of the SM to a model with 
an extra neutral gauge boson {Z'). For illustrative purposes, we choose to work with a 
sequential Z\ namely one whose couplings to the SM particles are exactly the same^ as 
those of the usual Z In FigEJ we also demonstrate how the tiH production cross 

section may change in the presence of such a Z' . For center of mass energies well below m^/, 
the cross section would naturally be quite similar to that within the SM. However, as the 
energy is raised, the cross section starts to grow rapidly, potentially mimicking the effect 
within an ADD model. However, if the energy is raised further, the resonance structure 
characteristic of such a Z' would evince itself (as also in other production modes). If the 
energy were to be raised still further to values much larger than m^/, the cross section would 
fall as dictated by considerations of partial wave unitarity. Thus, once again, such models 
are easily distinguishable from ADD-like ones. 

Now that a method of distinguishing has been delineated, we may try to estimate the 
sensitivity of the process under consideration. To this end, we display, in Table 1, the Sa 
exclusion limit on Ms for different machine energies and number of extra dimensions. In 
estimating these limits we assume an integrated luminosity of 500 fb~^, detection efficiency 
of 80% and a 2% systematic error. We would, however, like to point out that, in the absence 
of a detailed simulation, such estimates are necessarily very crude ones. Furthermore, while 
estimating the SM tth cross-sections we have not considered QCD and EW corrections, which 
has been computed by several groups P^ITlj . 

That the exclusion limits vary strongly with the available energy is but a consequence 
of the structure of the theory (in particular, the momentum dependence of the couplings) 
and could have already been expected from Figs. |2 or El What is also remarkable is that 
the exclusion (discovery) limits on Mg are only weakly dependent on the number of extra 
dimensions. 

^The corresponding results for a Z' with a different set of couplings are qualitatively very similar. 
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Table 1: 3a exclusion limits on Ms achievable with an integrated luminosity of 500 fb~ for 
different center- of-mass energies (\/s). n is the number of extra dimensions and we assume 
tuh — 120 Ge V. The numbers in parentheses refer to the corresponding (5a ) discovery limits. 

3 Summary 

In this paper we have studied the impUcations of KK graviton contribution to the process 
e+e^ ttH, which has been studied in the standard model. The spin-2 mode of KK 
gravitons contribute to this process substantially. It is likely though that the existence of 
low-energy quantum gravity may be discovered through more direct channels as studied by 
several groups. Nevertheless, this process will be an independent confirmation for such a 
discovery. We have shown both 3a exclusion limit and 5a discovery limit for the string 
scale Ms obtainable at typical linear collider energies assuming the benchmark integrated 
luminosity of 500 fb~^. 
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